INTRODUCTION
============

Community-acquired pneumonia (CAP) is a leading cause of infectious death worldwide ([@B1]). Severe CAP has generally been deﬁned as CAP requiring admission to the intensive care unit (ICU) due to invasive mechanical ventilation or septic shock requiring vasopressors ([@B2]). Approximately 10% of patients hospitalized with CAP require admission to the ICU, and the rate of mortality ranges from 11% to 56% ([@B3][@B4][@B5]). Therefore, it is important for critically ill patients with severe CAP to receive appropriate antibiotic regimens.

Recent prospective studies have shown non-inferiority of β-lactam monotherapy in comparison with a β-lactam plus macrolide (BL-M) combination therapy in patients with non-severe CAP ([@B6][@B7]). However, a β-lactam-based combination therapy is preferred for patients with severe CAP ([@B5][@B8]). Additionally, recent pooled analyses showed that addition of macrolides, which has been often used to cover atypical pathogens of CAP, was associated with reduction of mortality ([@B9][@B10]).

Currently, the official guideline from the Infectious Diseases Society of America/American Thoracic Society (IDSA/ATS) recommends either BL-M or a β-lactam plus fluoroquinolone (BL-F) combined therapy for patients with severe CAP, unless there is concern for *Pseudomonas* or methicillin-resistant *Staphylococcus aureus* (MRSA) infection ([@B2]). Guidelines from several local medical societies as well as British Thoracic Society (BTS) have also recommended regimens similar to those of the IDSA/ATS guideline for patients with higher pneumonia severity ([@B11][@B12]).

Since the publication of several official guidelines, there has been a question with regard to the relative superiority of BL-M vs. BL-F. However, there is a scarcity of conclusive data from clinical trials. Accordingly, through a systematic review of data from available clinical trials, we assessed the relative efficacy of BL-M and BL-F treatments.

MATERIALS AND METHODS
=====================

Data sources and search strategy
--------------------------------

To identify potentially relevant articles, a comprehensive search of five electronic databases (MEDLINE, EMBASE, Cochrane Central Register, Scopus, and Web of Science) was performed. Articles published prior to December 2015 were included. Search results were limited to human studies. A highly sensitive search strategy was adopted using the following words and medical subject headings (MeSH) terms: "beta-lactams," "Macrolides," "Fluoroquinolones," "Community-Acquired Infections," and "Pneumonia, Bacterial." In addition, we performed a manual search of the references cited by relevant review articles. As this study was a systematic review of published articles, informed consent and ethics approval were not required.

Inclusion criteria
------------------

A systematic review and meta-analysis was performed of studies that met the following criteria: 1) randomized controlled or observational cohort studies that targeted severe CAP patients over 18 years of age; 2) exposure to BL-M or BL-F combination therapy; 3) the presence of clinical outcomes including mortality (total, in-hospital, ICU or 30-day) and length of stay (hospital or ICU). Studies targeting outpatients, non-severe CAP patients, or patients with healthcare-associated pneumonia (HCAP), hospital acquired pneumonia (HAP), and ventilator-acquired pneumonia (VAP) were excluded.

Study selection and data extraction
-----------------------------------

Two pulmonologists (JHL and YHK) independently retrieved potentially relevant studies, reviewed each study according to the predefined criteria for eligibility, and extracted data. Any disagreement in the process of study selection or data extraction was resolved through consensus. A predefined form was used to extract data from each study. We used only officially published data. The primary outcome was overall mortality. We also assessed changes in 30-day mortality, ICU mortality, length of hospital stay, and length of ICU stay.

Quality assessment
------------------

As recommended by the Cochrane Collaboration, we used the Newcastle-Ottawa quality assessment scale (NOS) to assess the risk of bias in the observational studies ([@B13]). NOS uses a star system to evaluate nonrandomized studies in the following three domains: selection, comparability and exposure/outcome. Studies that received a star in each of the three domains were considered to be of high quality.

The quality of randomized controlled trials (RCTs) was assessed using the Cochrane Handbook for Systemic Reviews of Interventions "risk of bias" tool ([@B14]). A term of "low," "high," or "unclear" for risk of bias was assigned to the following domains: sequence generation/allocation concealment (selection bias), blinding of participants and personnel (performance bias), blinding of outcome assessment (detection bias), incomplete outcome data (attrition bias), selective outcome reporting (reporting bias), and other sources of bias. Agreement between reviewers was achieved through a consensus.

Statistical analysis
--------------------

We analyzed data using Review Manager Software, version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). Random-effects models were applied. For dichotomous variables, treatment effects were presented as odds ratios (OR) with 95% confidence intervals (CI) via the Mantel--Haenszel method. Statistical estimates for continuous variables were expressed as raw mean differences. Heterogeneity was assessed using I^2^ statistics on a scale of 0%--100%, with I^2^ \> 50%, indicating a substantial level of between-study heterogeneity. To explore the robustness of the pooled effect, we removed each study in turn to determine the influence of an individual study on the overall effect estimates. Subgroups were analyzed as necessary. A *P* value \< 0.05 was considered statistically significant.

RESULTS
=======

Study search
------------

A total of 10,676 published articles were identified. After removing duplicated articles, we screened 6,600 eligible articles and added 3 potentially eligible articles from authors' reference lists. Of these articles, 6,566 were excluded based on the title and abstract, and the remaining 34 articles underwent a full-text review. Twenty-six articles were excluded for the reasons presented in [Fig 1](#F1){ref-type="fig"}. Finally, a total of 8 articles were included in the current analysis ([@B15][@B16][@B17][@B18][@B19][@B20][@B21][@B22]). Of these trials, seven trials used an observational cohort study design ([@B15][@B16][@B17][@B18][@B19][@B20][@B21]), and only one trial was an RCT ([@B22]). Six trials were performed in two or more centers. All were published between 1994 and 2013 ([@B15][@B16][@B18][@B19][@B21][@B22]). The features of studies included are shown in [Table 1](#T1){ref-type="table"}. The number of patients in each trial ranged from 61 to 1,989. The total number of patients for our systematic review and meta-analysis was 3,873, among whom 2,273 received BL-M therapy and 1,600 received BL-F therapy.

![Flow chart of study selection.](jkms-32-77-g001){#F1}

###### Characteristics of the studies included in the meta-analysis
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  Study (yr)              Design                                                    Enrolled patients        Study period                Age (mean or median^\*^), yr / male, %   Disease severity score (mean)                                       Mechanical ventilation, %             Severe sepsis or septic shock, %            The isolation rate of *Streptococcus pneumoniae* / MDR bacteria, %   Mortality, %                                                              Primary objective of study                                                                                                                                                                                      Risk of bias^\*^
  ----------------------- --------------------------------------------------------- ------------------------ --------------------------- ---------------------------------------- ------------------------------------------------------------------- ------------------------------------- ------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------
  Adrie (2013)            Multicenter, prospective observational cohort study       394, exclusion of COPD   1997--2010                  64^\*^/69.5                              CURB-65 score (3.17); % of CURB-65 score 4--5 (43.4)                Invasive (52.5), noninvasive (14.7)   Severe sepsis (91.4), septic shock (38.6)   17.5/11.2                                                            27.2% (60-day mortality)                                                  To compare the impact on 60-day mortality in patients admitted to the ICU for CAP using one (β-lactam^†^) or two antibiotics (β-lactam + macrolide, β-lactam + fluoroquinolone)                                 Low
  Bratzler (2008)         Multicenter, retrospective observational cohort study     880                      1998--1999 and 2000--2001   NR/NR                                    NR                                                                  NR                                    NR                                          NR                                                                   12.8% (30-day mortality)                                                  To evaluate associations between various antimicrobial regimens including 2nd or 3rd β-lactam + macrolide and 2nd or 3rd β-lactam + fluoroquinolone and risk-adjusted mortality in patients admitted with CAP   High
  Gaillat (1994)          Multicenter, prospective randomized study                 102                      1990--1991                  62.7/NR                                  SAPS score (10.5)                                                   24.5                                  NR                                          34.3/1.9                                                             11.7% (total hospital mortality)                                          To compare of the efficacy of penicillin G/ofloxacin vs. erythromycin/amoxicillin-clavulanate in patients with severe CAP.                                                                                      High
  Karhu (2013)            Single center, retrospective observational cohort study   210                      2000--2010                  55^\*^/64.7                              \% of number of patients with IDSA/ATS severe CAP criteria (76.1)   52.3                                  47.1                                        23.8/NR                                                              20.4% (30-day mortality), 24.2 (60-day mortality), 10.9 (ICU mortality)   To compare the outcome of patients with severe CAP treated with the combination of 2nd or 3rd β-lactam + fluoroquinolone vs. 2nd or 3rd β-lactam + macrolide                                                    Low
  Martin-Loeches (2010)   Multicenter, prospective observational cohort study       100                      2007--2008                  57.6/61                                  SAPS II score (46.9); SOFA score (7.68)                             100                                   92                                          NR                                                                   37% (ICU mortality)                                                       To access the effect on survival of 3rd or 4th β-lactam + macrolides or 3rd or 4th β-lactam + fluoroquinolones in intubated patients admitted to the ICU with severe CAP                                        High
  Mortensen (2006)        Two center, retrospective observational cohort study      137                      1999--2002                  63/88                                    \% of pneumonia severity index class IV/V (76.7)                    NR                                    NR                                          36.5/NR                                                              21.8% (30-day mortality)                                                  To compare the mortality of patients with severe CAP treated with either 2nd or 3rd β-lactam + fluoroquinolone or other recommended antibiotics                                                                 High
  Waterer (2001)          Single center, retrospective observational cohort study   61                       1996--2000                  61.1/NR                                  Pneumonia severity index score (101)                                NR                                    NR                                          NR                                                                   8.1% (total hospital mortality)                                           To evaluate the outcome of various combination of antibiotics including 3rd β-lactam + macrolide and 3rd β-lactam + fluoroquinolone in patients with severe bacteremic CAP                                      High
  Wilson (2012)           Multicenter, retrospective observational cohort study     1,989                    2001--2007                  74/98.5                                  NR                                                                  39.3                                  23.6                                        NR                                                                   25.6% (30-day mortality)                                                  To compare the outcome of elderly patients (aged \> 65 yr) with severe CAP treated with the combination of either 2nd or 3rd β-lactam + fluoroquinolone or 2nd or 3rd β-lactam + macrolide                      Low

NR = not reported, COPD = chronic obstructive pulmonary disease, CURB-65 = confusion, blood urea nitrogen, respiratory rate, blood pressure, age \> 65, ICU = intensive care unit, CAP = community-acquired pneumonia, SAPS = simplified acute physiology score, IDSA/ATS = Infectious Diseases Society of America/American Thoracic Society, SOFA = sequential organ failure assessment.

^\*^The risk of bias in observational trials and randomized controlled trials was assessed using the Newcastle-Ottawa quality assessment scale (NOS) and Cochrane risk of bias tool, respectively; ^†^β-lactam included penicillin and cephalosporin. When we could find the generation of cephalosporin from original articles, we added '2nd,' '3rd or 4th' into β-lactam. When original articles did not describe anything about the generation of cephalosporin, we used only 'β-lactam' without addition of '2nd,' '3rd or 4th.' 2nd, 3rd, and 4th means second generation, third generation, and fourth generation, respectively.

Quality assessment and risk of bias
-----------------------------------

A summary of the methodological quality assessment and risk of bias for each non-randomized observational trial is shown in [Table 2](#T2){ref-type="table"}. According to the NOS system described above, four studies were determined to be of low quality, primarily due to the absence of direct comparability between treatment groups or insufficient baseline data of each study ([@B16][@B18][@B19][@B20]). In contrast, three recent trials received relatively high scores as determined by NOS ([@B15][@B17][@B21]).

###### Risk of bias within non-randomized trials using the Newcastle-Ottawa scale
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  Study (yr)              Selection   Comparability   Exposure/outcome                     
  ----------------------- ----------- --------------- ------------------ ---- ---- --- --- ----
  Adrie (2013)            ★           ★               ★                  NA   ★    ★   ★   NA
  Bratzler (2008)         ★           ★               ★                  NA   NA   ★   ★   NA
  Karhu (2013)            ★           ★               ★                  NA   ★★   ★   ★   NA
  Martin-Loeches (2010)   ★           NA              ★                  NA   NA   ★   ★   NA
  Mortensen (2006)        ★           ★               ★                  NA   NA   ★   ★   NA
  Waterer (2001)          ★           ★               ★                  NA   NA   ★   ★   NA
  Wilson (2012)           ★           ★               ★                  NA   ★★   ★   ★   NA

A maximum of one star for the selection and exposure/outcome domains and two stars for the comparability domain were assigned. Studies with stars in all domains (excluding comparability) were considered high quality.

NA = not applicable.

With regards to RCTs, we evaluated the study quality of the one RCT conducted by Gaillat et al. ([@B22]) according to recommendations by the Cochrane Collaboration. Assessment according to this recommendation showed that the RCT demonstrated selection bias, performance bias, and detection bias. Due to the low number of RCTs, we could not estimate potential publication bias with a funnel plot for all outcomes.

Mortality
---------

Overall mortality was reported by all 8 studies ([@B15][@B16][@B17][@B18][@B19][@B20][@B21][@B22]). Overall mortality rates were 19.4% (443/2,273) and 26.8% (429/1,600) for the BL-M and BL-F groups, respectively ([Fig. 2](#F2){ref-type="fig"}). Overall, a random effect model showed that BL-M therapy was significantly associated with reduced overall mortality (OR, 0.68; 95% CI, 0.49 to 0.94; *P* = 0.02; I^2^ = 58.0%). As described above, subgroup analyses were performed according to the number of centers involved in each trial (multicenter vs. single center). Most patients belonged to six multicenter trials (n = 3,602; 93.0%) ([@B15][@B16][@B18][@B19][@B21][@B22]). A pooled analysis from multicenter trials demonstrated superiority of BL-M therapy (OR, 0.62; 95% CI, 0.46 to 0.85; *P* = 0.002; I^2^ = 52.0%), whereas a pooled analysis of two single center trials did not ([@B17][@B20]). In addition, a pooled estimate from three observational trials with a relatively high quality of study and one RCT did not reach statistical significance between the two treatment groups (OR, 0.89; 95% CI, 0.66 to 1.20; *P* = 0.44; I^2^ = 38.0%, not shown) ([@B15][@B17][@B21][@B22]).

![Pooled results of adjusted odds ratio for overall mortality among patients with severe CAP treated with BL-M vs. BL-F.\
CAP = community-acquired pneumonia, M--H = Mantel--Haenszel, CI = conﬁdence interval, df = degrees of freedom, BL-M = β-lactam plus macrolide, BL-F = β-lactam plus fluoroquinolone.](jkms-32-77-g002){#F2}

Four trials reported 30-day mortality ([Fig. 3A](#F3){ref-type="fig"}) ([@B16][@B17][@B19][@B21]). A random effect showed a trend toward superiority of BL-M therapy, but its estimate did not reach statistical significance, and heterogeneity between trials was high (OR, 0.75; 95% CI, 0.46 to 1.21; *P* = 0.23; I^2^ = 76.0%). Similar results were observed for ICU mortality (OR, 0.57; 95% CI, 0.26 to 1.27; *P* = 0.22; I^2^ = 32%; [Fig. 3B](#F3){ref-type="fig"}) ([@B17][@B18]).

![Pooled results of adjusted odds ratio for overall mortality among the patients with severe CAP treated with BL-M vs. BL-F. (**A**) Thirty-days mortality. (**B**) ICU mortality.\
CAP = community-acquired pneumonia, M--H = Mantel--Haenszel, CI = conﬁdence interval, df = degrees of freedom, BL-M = β-lactam plus macrolide, BL-F = β-lactam plus fluoroquinolone, ICU = intensive care unit.](jkms-32-77-g003){#F3}

Length of stay
--------------

We retrieved data on the length of hospital stay from three observational trials ([Fig. 4A](#F4){ref-type="fig"}) ([@B15][@B17][@B21]). Overall, BL-M therapy was significantly associated with shorter length of hospital stay (mean difference, −3.05 days; 95% CI, −6.01 to −0.09; *P* = 0.04; I^2^ = 65.0%). Since a trial conducted by Wilson et al. ([@B21]) included only elderly patients (mean age, 74 years) and, at the same time, extremely favored BL-M therapy, an additional analysis was performed except for this study. Its estimate was not statistically significant. However, there was a trend toward greater benefits of BL-M therapy (mean difference, −1.42 days; 95% CI, −4.03 to 1.18; *P* = 0.29; I^2^ = 0.0%, not shown). With respect to the length of ICU stay, there was no significant difference between the two groups (mean difference, −0.32 days; 95% CI, −1.38 to 0.75; *P* = 0.56; I^2^ = 0.0%; [Fig. 4B](#F4){ref-type="fig"}) ([@B15][@B17]).

![Pooled results of mean difference for length of stay among critically ill patients with severe CAP treated with BL-M vs. BL-F. (**A**) Length of hospital stay in days.(**B**) Length of ICU stay in days.\
CAP = community-acquired pneumonia, SD = standard difference, IV = inverse variance, CI = confidence interval, df = degrees of freedom, BL-M = β-lactam plus macrolide, BL-F = β-lactam plus fluoroquinolone, ICU = intensive care unit.](jkms-32-77-g004){#F4}

DISCUSSION
==========

Although recent trials have suggested that β-lactam monotherapy is not inferior to BL-M combination therapy or fluoroquinolone (FQ) monotherapy among patients with clinically suspected CAP admitted to non-ICU wards ([@B6][@B7]), a combination therapy consisting of a β-lactam with either a FQ or a macrolide has been officially recommended for patients with severe CAP ([@B2]).

There are several points of observational evidence that demonstrate combination therapy with macrolides reduces mortality rates compared to other non-macrolide combination therapies ([@B10][@B23]). It is well known that macrolides have immunomodulatory effects on inflammatory and epithelial cells, which can lead to attenuation of inflammatory response ([@B8]). In addition, a retrospective observational cohort study reported that combined BL-F therapy as an empirical therapy for severe CAP was associated with increased 30-day mortality when compared with other guideline-concordant antimicrobial regimens ([@B19]). On the basis of these previous results, a recent review inferred that macrolide combination may be associated with better outcomes ([@B6]). However, it is still unclear whether there is a benefit or if one combined therapy regime has superior efficacy. One reason why this question has yet to be conclusively answered is that existing clinical studies are either observational or limited in their design.

Against this backdrop, we aimed to determine the superiority between both regimes through systematic review of previous trials. Our predefined algorithm identified a total of eight trials (seven non-randomized observational trials and one RCT). Among the possible outcomes, mortality is the most important parameter when evaluating efficacy of an intervention for patients with critical illness such as severe CAP. Accordingly, we pooled overall mortality data from all eight trials. The pooled estimate showed that combined BL-M therapy was more effective at reducing overall mortality ([Fig. 2](#F2){ref-type="fig"}). A subgroup analysis from six multicenter trials, which included most of the patients (84.4%), demonstrated a similar outcome. In contrast, quantitative analyses were possible only in four and two trials for 30-day and ICU mortality, respectively. Pooled estimates based on these data were not significant. However, we were able to observe a trend towards a greater beneficial effect of BL-M combination therapy ([Fig. 3](#F3){ref-type="fig"}). Accordingly, we cannot exclude the probability that if a greater number of trials were available for analyses, pooled estimates of 30-day and ICU mortality would, similar to overall mortality, reach statistical significance.

Length of hospital stay is also a critical parameter that has been evaluated in clinical trials investigating antibiotic therapies. Our assessment demonstrated that, compared to patients who received BL-F, patients who received BL-M combination therapy were discharged from hospital approximately 3 days earlier ([Fig. 4A](#F4){ref-type="fig"}). However, length of ICU stay did not differ between the two treatment groups. These data, when considered along with the mortality results, could indicate that BL-M combination therapy has greater beneficial effects among patients with relatively less severe CAP. However, to determine these results conclusively, additional trials are needed.

Overall, our systematic review and meta-analysis showed that BL-M therapy may be superior to BL-F therapy among patients with severe CAP. The superiority of BL-M therapy may be due to the mechanisms through the addition of a macrolide to BL. First, macrolides provide broader antibacterial spectrum for CAP because macrolides are generally effective against the main atypical pathogens such as *Mycoplasma pneumoniae* and *Legionella* ([@B24]). Second, as described above, macrolides exert immunomodulatory effects on inflammatory and epithelial cells ([@B8]). Third, antimicrobial synergism is attained by addition of a macrolide to β-lactam. A recent retrospective cohort study demonstrated that azithromycin was associated with a beneficial effect on 28-day ICU-free days even in severe sepsis patients without pneumonia as well as those with pneumonia ([@B25]). In univariate analysis, severe sepsis patients receiving azithromycin had 5.47 more ICU-free days on average than did those not receiving azithromycin (*P* = 0.005) ([@B25]).

The development of antibiotics resistance is one of the most important issues in antibiotic trials. However, we could not perform a pooled analysis because drug resistance data was reported by only one trial ([@B15]). This trial reported that the rate of acquisition of multidrug-resistant pathogen was similar between both groups.

Since FQs have a broad-spectrum antimicrobial activity, they have been widely used for the treatment of a variety of bacterial infections ([@B26]). In addition, FQs have good in vitro and in vivo activity against *Mycobacterium tuberculosis* (*M. tuberculosis*) ([@B26]) and the use of FQs could result in a delayed diagnosis of pulmonary TB ([@B27]). Therefore, BL-M can be selected as a preferential regimen in patients with severe CAP in a TB endemic area, when considering our results and activity of FQs against *M. tuberculosis*. On the other hand, careful monitoring of patients taking macrolides is needed due to the potential risk for sudden cardiac death or ventricular tachyarrhythmias associated with macrolide use ([@B28]).

Our study has limitations. First, since most studies included in this meta-analysis were observational in design, and so results should be interpreted with caution. Additional large-scale RCTs should be performed to overcome this limitation. Second, for ICU patients without risk factors for infection with drug-resistant pathogens, the official guidelines recommend treatment with β-lactams such as cefotaxime, ceftriaxone, or ampicillin-sulbactam. However, several of the pooled studies included a β-lactam other than recommended, while other trials did not provide information on the class of β-lactam use. Therefore, some pooled patients received guideline-discordant antibiotic regimens. Third, IDSA/ATS consensus guidelines indicated two major criteria for direct admission to ICU: septic shock requiring vasopressor support and requirement for mechanical ventilation ([@B2]). These guidelines also noted that the need for ICU care is suggested by the presence of at least three minor criteria ([@B2]). However, rather than these objective parameters, the patients of clinical trials included in our review were mostly admitted to the ICU according to clinical judgment. Fourth, we should mention antimicrobial resistance. The resistance to macrolides is increasing ([@B29]). Unfortunately, all of trials included our meta-analysis were published before 2010 and did not describe the resistance to macrolides. So, we could not perform additional analyses according to resistance. If additional analyses based on antimicrobial resistance were possible or well-designed prospective controlled trials were published, we could get a more concrete conclusion. The limitations mentioned above prohibited us from drawing strong conclusions.

In conclusion, our systemic review and meta-analysis revealed that BL-M combination therapy compared to BL-F combination therapy for severe CAP may be more effective in reducing overall mortality and length of hospital stay. However, the methodological limitations of the included trials and the scarcity of available clinical studies prevented a definitive conclusion. Accordingly, further large-scale, well-designed RCTs are needed to clarify which regimen is more effective for severe CAP.
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